Regeneration is influenced by processes operating at a variety of spatial scales (Clark et al. Treatments were implemented in a randomized block design with one replication of each 4 treatment (including controls) at each of the seven sites for a total of 28 treatment units. 
19
Gaps and leave islands in all treatments were a mixture of 0.1, 0.2 and 0.4 ha circular areas.
20
Harvesting was completed between 1997 and 2000. Harvests preferentially removed smaller 21 trees of dominant species (primarily Douglas-fir). Subordinate species and any remaining 22 remnant old trees (present on some sites) were preferentially reserved. Post-treatment stand characteristics varied considerably within and among treatments (Table 2) . More detail about the 1 study sites and treatments can be found in Cissel et al. (2006) .
2

Data collection and summarization
3
To investigate the influence of site factors and local mechanisms driving natural 4 regeneration, we utilized 539 permanent 0.1 ha circular "treatment" monitoring plots. These 5 plots were measured twice (6 and 11 years after treatment), but the plot locations were randomly 6 selected using GIS with 21 plots in each harvest treatment unit and 14 plots in each control unit 
13
The fine-scale basal area around each subplot was calculated from stem-mapped trees in Fine-scale controls on regeneration 10 We modeled the probability of seedling establishment, and the probability of sapling 11 recruitment separately using generalized linear mixed logistic regressions (SAS PROC 12 GLIMMIX). These models related the presence or absence of seedlings and saplings (i.e.,
whether at least one seedling or sapling was sampled on a subplot) 11 years following harvest to 14 local BA, plant cover, and the interaction thereof. PDIR was included as a covariate at the plot- comparisons used only the three harvest treatments for the analysis of saplings with this species.
10
When treatment was found to be significant, post-hoc tests were performed among treatments 11 with a Tukey adjustment for multiple comparisons.
12
Overstory density treatment effects on regeneration densities over time
13
A repeated measures mixed effect ANOVA was used to evaluate temporal trends in 14 seedling and sapling density in the overstory density plots, (i.e., at target densities of 300, 200,
15
and 100 trees/ha, respectively). All data were averaged at the treatment-unit level prior to 16 analyses. We evaluated effects of residual overstory density, which was modeled as a fixed 17 factor with four residual densities: High retention (300 trees/ha), Medium retention (200 18 trees/ha), Low retention (100 trees/ha), and Control (no harvest, ~600 trees/ha). Plots in variable 19 density treatment were assigned to their given residual density level (300, 200, or 100 trees/ha).
20
Residual overstory density, year, and their interaction were modeled as fixed effects while site 21 was modeled as a random effect. Where significant year by treatment interactions were found, 22 post-hoc tests within years between residual density levels were performed with a Tukey correction for multiple comparisons. Seedlings and saplings were modeled separately.
1
Residuals were evaluated for all models. A square root transformation was required to ensure 2 assumptions of normality, equal variance, and independence were not violated for both seedlings 3 and saplings.
4
Results
5
Site-level variability 6 Regeneration density varied considerably among the seven sites 11 years following 7 harvest. For example, densities ranged from an average of 225 to 7000 seedlings/ha and 180 to 8 1615 saplings/ha among the seven study sites ( Fig. 1a and 1b, respectively). However, site 9 differences in seedling and sapling density were not significantly related to productivity (both P-10 values > 0.3). Instead, total seedling density was related to the percentage of western hemlock
11
BA at a site (P = 0.01), though sapling density was not (P= 0.15). Western hemlock BA 12 explained 78% of the variation among sites in seedling density, with increasing seedling 13 densities at sites with more hemlock (Fig. 1c) , due primarily to higher numbers of hemlock 14 seedlings at these sites (Table 1) .
15
Fine-scale controls on regeneration 16 Eleven years following treatments seedlings were found on 54% of the 0.002 ha subplots 17 in the randomly established plots (across all treatments) with densities ranging up to 100,000/ha.
18
Western hemlock and Douglas-fir comprised the majority of the seedlings (82%), though 20 19 species were sampled. Western hemlock occurred on about 27% of the subplots, with densities 20 up to 100,000 seedlings/ha. Site-level variability in western hemlock seedling densities was 21 strongly related to the amount of western hemlock in the overstory (Table 1) . Douglas-fir occurred on about 20% of the subplots, with densities as high as 15,500 seedlings/ha. Across the 1 study sites, hemlock comprised over 75% of the seedlings sampled in the control, with an 2 average density of 399 seedlings/ha despite low densities on sites with few hemlocks in the 3 overstory (Table 1) . Douglas-fir seedlings were basically absent in controls, occurring in the 4 control at only two of the seven sites and comprising only 2% of the total seedlings in the control 5 with an average density of 11 seedlings/ha. The probability of seedling establishment on a subplot was related to basal area (BA) and 14 understory plant cover for all seedlings, western hemlock, and Douglas-fir (Table 3 ). The 15 probability of seedling establishment increased with decreases in residual BA but decreased with 16 associated increases in the cover of understory vegetation locally (Fig. 2) . Interactions between 17 overstory BA and understory cover were significant for all species combined and western 18 hemlock (Table 3) .
19
After accounting for local BA and understory cover, treatment still had significant effects 20 for Douglas-fir and all seedlings, but not western hemlock (Table 3 ). All thinned treatments had 21 a significantly higher probability of seedling establishment of any species or a Douglas-fir seedling than the control (all P-values < 0.01 in pair-wise comparisons), but the three harvest 1 treatments were not significantly different (all P-values > 0.5). Potential direct incident radiation 2 (PDIR) was positively related to Douglas-fir seedling establishment and negatively related to 3 western hemlock seedling establishment, and therefore not related to the pattern of seedling 4 establishment for all species combined (Table 3) . Sites with a large component of western 5 hemlock in the overstory (Delph Creek and Keel Mountain; Table 1 ) had significantly higher 6 (both P-values < 0.05) probabilities of the establishment of western hemlock seedlings than the 7 overall site mean.
8
The probability of sapling recruitment, for Douglas-fir, western hemlock and all species 9 combined, was negatively related to residual overstory BA (Fig. 3) . In contrast to seedling 10 establishment, understory cover did not affect sapling recruitment, except for western hemlock 11 (Table 4) where increases in understory cover reduced the probability of sapling recruitment 12 (Fig. 3) . Sapling recruitment increased markedly for Douglas-fir when BA was reduced beyond a 13 threshold of 20-25 m 2 /ha (Fig. 3) . PDIR was negatively related to all sapling recruitment for all 14 species combined and western hemlock, but increased the probability of recruiting Douglas-fir 15 saplings (Table 4) . Treatment did not significantly affect sapling recruitment after accounting 16 for BA and understory cover (Table 4) .
17
Overstory density treatment effects on regeneration densities over time
18
Seedling and sapling density increased in treated areas throughout the ten year study 19 period on non-randomly established overstory retention plots (Fig. 4) . Residual overstory 20 density treatments significantly affected seedlings and saplings, but effects varied with sample 21 year (both P-values < 0.01). Post-hoc tests of treatments within years revealed no differences in seedling or sapling densities 1-3 years following treatment (Fig. 4) . In contrast, at 6 and 11 years 1 following treatment, there were more seedlings in all harvested treatments than the control.
2
Eleven years after harvest the control averaged just over 500 seedlings/ha, while all residual 3 densities in the harvested treatments averaged > 3900 seedlings/ha (Fig. 4) . Though seedling 4 densities tended to increase with decreases in overstory residual density (Fig. 4) , there were no 5 significant differences among residual density treatments (Fig. 4a) . In contrast, the lowest level 6 of overstory retention (100 TPH) had greater sapling densities than all other residual densities 7 both 6 and 11 years following treatment (Fig. 4b) , averaging nearly 2000 saplings/ha 11 years 8 following harvest (Fig. 4) . The high retention (300 TPH) was never significantly different than 9 the control in sapling density, while the moderate retention (200 TPH) had higher sapling 10 densities than the control (average of 474 more saplings/ha) 11 years following harvest, but was 11 not significantly different at 6 years ( Fig. 4b) .
12
Discussion
13
Variability in natural regeneration in this study was influenced by factors from multiple 14 spatial scales including broad-scale differences in species composition, landscape position, and These results, suggesting that variable density retention that includes patches with heavy 10 overstory removal, gaps, or both is required for sapling recruitment, are consistent with those 
17
The dominant species in this study, Douglas-fir and western hemlock showed disparate weed control could benefit from assessments at neighborhood scales.
6
In even-aged stands that initiated after heavy harvesting, advanced regeneration is The results of this study contribute to the growing body of evidence that partial overstory 
20
Such prescriptions may vary depending on overstory composition and topography, which 21 appears to influence the composition of regenerating seedlings. 
